In this paper, we consider a pest control model with natural enemy releases. The mathematical problem involves a predator-prey system with periodic coefficients and pulse conditions. First, we show that the system has a unique pest-free periodic solution, which is globally asymptotically stable under certain condition. Furthermore, we prove that the system is permanent if the pest-free periodic solution is unstable. The results generalize some conclusions in [8, 9] for the system with constant coefficients. Some computer simulations are made to demonstrate the main results.
Introduction
In recent years, applications of impulsive differential equations in mathematical ecology have been rapidly developing, and various mathematical models have been proposed [1] [2] [3] . Some researchers have paid their attentions to the study of pest control problems described by impulsive differential equations [4] [5] [6] [7] . Environmental fluctuation is also very important in an ecosystem, and naturally, more realistic models should consider the effect of environmental changing, especially the environmental parameters that change time-dependently and periodically (e.g., seasonal changes, food supplies, etc.).
In this paper, we study a class of predator-prey system which describes the interaction between the pest and natural enemy with impulsive and periodic enemy releases. We are mainly concerned with the pest control management, and we prove that the pest will be extinct under certain condition, and that if the condition is reversed, the system will be permanence. These results generalize some conclusions given in [8, 9] for the system with constant coefficients.
The model of impulsive differential equations under consideration is given in the following form ( ) (1 ) ( ) , , ( ) ( ) ( ) , , In system (1.1), ( ) , ( ) represent the prey (pest) and predator (natural enemy) biomass respectively; ( ) , ( ) represent growth rate and self-regulations of the prey; ( ) and ( ) denote the respective effect of the predator to reduce the prey and the contribution of the prey to the predator growth rate; ( ) accounts for the death rate of the predator; τ is a positive constant. Suppose the system is periodic, that is, ( ), ( ), ( ), ( ) are positive and continuous τ -period functions.
The jump condition reflects the impulsive releases of the natural enemy. Ludovic Mailleret [8] and Liu [9] considered system (1.1) with constant coefficients. We study (1.1) with periodic coefficients, and the problem becomes more difficult since its nonautonomous nature, while, the problem is more realistic and significant.
For convenience, let min ( ),
for a given function ( ) .
Preliminaries
It is easy to prove that 
→∞ − =
The proof is completed.
The extinct condition of the pest
In this section, we discuss the extinct problem of the pest and obtain the following result. Hence, (1.1) has a pest-free periodic solution ( ) . Now, we prove that (3.2) is the sufficient and necessary condition for ( ) globally asymptotically stable.
To do this, in (1.1), we carry out the change of variable
and obtain τ τ − − < < The former condition is trivial and the latter is equivalent to (3.2) . We now show that (3.2) is also sufficient for the globally asymptotic stability of the pest-free solution. We assume that system (1.1) is initiated at 
It is noticed that Since ( ) 0 → as → ∞ , it is clear that there exists such that ( ) ( ) ( ) 2 ≤ for > , and then
→∞ → Summing up, we prove that condition (3.2) is the necessary and sufficient condition for globally asymptotic stability of the pest-free periodic solution. The proof is completed.
Permanence of the system
In this section, we show some asymptotic behavior of system (1.1) if the pest-free solution is unstable. To be precise, we will prove that if condition (3.2) is reversed, then the system is permanent. That means that there exist constants 0 ≥ > such that for each solution ( ( ), ( )) of (1.1), there exists a constant 0 > such that ( ), ( ) ≤ ≤ for ≥ . First, we prove that the solutions of (1.1) are upper bounded. Theorem 4.1. There exists a constant 0 > , such that for each solution ( ( ), ( )) of (1.1), there exists a constant 0 > such that ( ) , ( ) ≤ ≤ for ≥ . Proof. Suppose that ( ( ), ( )) is the solution of (1.1) with initial value 0 0 
which is a contradiction. Hence we prove that ( ) υ < cannot hold for all 0 ≥ . As a matter of fact, the periodicity of the system implies that for any a given , ( ) υ < cannot hold for all ≥ .
From the preceding analysis, the following two cases should be considered: (i) There exists 0
If this is the case, then the proof is completed.
(ii) There exists a sequence { } . By the periodicity of (4.4), analogous to the proof of (4.5), for ≥ , ( ( ii ) Now we assume that β ≥ . In this case, one can get [ , ] [ , ]
[ , ]ˆm in ( ) min ( ) min ( ) ( ) .
2 is independent of , α β , and we also have
Then we prove that ( ) , ( ) ≥ ≥ for all sufficiently large . This completes the proof of the theorem.
Example and computer simulation
In this section, an example is given and some computer simulations are carried out to demonstrate the main results in this paper.
If we consider the particular case with ( ) , = positive constant, Suppose that a pest-natural enemy model is described by the following periodic impulsive system ( 
. Experimental observations have confirmed the theoretical results in this paper. Moreover, the results can be significantly affected by the supplemental release of natural enemies. This paper focused entirely on model with fixed moments of an impulsive effect and the system with state-dependent impulse will be considered in future.
